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2 Remo RuÆni: The Dyadosphere of Black Holes and Gamma-Ray Bursts
Fig. 1. (Reproduced from RuÆni and Wheeler with their
kind permission.) Decay of a particle of rest-plus-knetic
energy E
Æ
into a particle which is captured into the black
hole with positive energy as judged locally, but negative
energy E
1
as judged from innity, together with a particle




which escapes to inn-
ity. The cross-hatched curves give the eective potential
(gravitational plus centrifugal) dened by the solution E
of Eq.(2) for constant values of p

and  (gure and cap-
















































is the irreducible mass, r
+
is the horizon ra-
dius, 
+
is the quasi spheroidal cylindrical coordinate of
the horizon evaluated at the equatorial plane, S is the
horizon surface area, and extreme Black Holes satisfy the
equality in eq. (3). The crucial point is that a transfor-
mation at constant surface area of the Black Hole, or re-
versible in the sense of ref.Christodoulou & RuÆni 1971,
could release an energy up to 29% of the mass-energy
of an extremely rotating Black Hole and up to 50% of
the mass-energy of an extremely magnetized and charged
Black Hole.
Various models have been proposed in order to tap
the rotational energy of Black Holes by the processes of
relativistic magnetohydrodynamicRuÆni & Wilson 1975,
Thorne Price & MacDonald 1986 and references therein,
see however Punsly & Coroniti 1989, Punsly 1998, though
their eÆciency appears to be diÆcult to assess at this mo-
ment. It is likely however that these of rotational energy
extraction processes be relevant over the very long time
scales characteristic of the accretion processes.
In the present case of the Gamma Rays Bursts a
prompt mechanism, on time scales shorter then a second,
depositing the entire energy in the reball at the moment
of the triggering process of the burst, appears to be at
work. For this reason we are here considering a more de-
tailed study of the vacuum polarization processes a' la
Heisenberg-Euler-Schwinger (Heisenberg W. & Euler H.
1931, Schwinger J. 1951) around a Kerr-Newman Black
Hole rst introduced by Damour and RuÆni (Damour T.
and RuÆni R., 1975). The fundamental points of this pro-
cess can be simply summarized:
{ They occur in an extended region arround the Black
Hole, the Dyadosphere, extending from the horizon ra-
dius r
+
to the Dyadosphere radius r
ds
see (Preparata,
RuÆni & Xue 1998a and 1998b). Only Black Holes
with a mass larger than the upper limit of a neutron





a Dyadosphere, see (Preparata, RuÆni & Xue 1998a
and 1998b) for details.
{ The eÆciency of transforming the mass-energy of
Black Hole into particle-antiparticle pairs outside the
horizon can approach 100%, for Black Holes in the
above mass range see (Preparata, RuÆni & Xue 1998a
and 1998b) for details.
{ The pair created are mainly positron-electron pairs
and their number is much larger then the quantity
Q=e one would have naively expected on the ground










), where m is the electron mass.
The energy of the pairs and consequently the emission
of the associated electromagnetic radiation peaks in
the X-gamma rays region, as a function of the Black
Hole mass.
I shall rst recall some of the results on the Dyado-
sphere, then consider the constituent equations leading to
the expansion of the Dyadosphere
2. The Dyadosphere and the Energy spectrum
We consider the collapse to amost general Black Hole en-
dowed with an electromagnetioc eld (EMBH). Follow-
ing Preparata, RuÆni & Xue (1998a and 1998b), for sim-
plicity we consider the case of a non rotating Reissner-
Nordstrom EMBH to illustrate the basic gravitational-
electrodynamical process.
It is appropriate to note that even in the case of an ex-
treme EMBH the charge-to-mass ratio is 10
18
smaller than
the typical charge-to-mass ratio found in nuclear matter,
owing to the dierent strengths and ranges of the nuclear
and gravitational interactions. This implies that for an
EMBH to be extreme, it is enough to have a one quantum
of charge present for every 10
18
nucleons in the collapsing
matter.










.1e2 .1e3 .1e4 .1e5 1e+05
M/Solar mass
Fig. 2. The average energy per pair is shown here as
a function of the EMBH mass in solar mass units for
 = 1 (solid line),  = 0:5 (dashed line) and  = 0:1
(dashed and dotted line) (gure and caption reproduced
from Preparata, RuÆni and Xue 1998b).
We can evaluate the radius r
ds
at which the electric









duced by Heisenberg and Euler, where m and e are the
mass and charge of the electron. This denes the outer ra-
dius of the Dyadosphere, which extends down to the hori-
zon and within which the electric eld strength exceeds














, we can express this outer



















































It is important to note that the Dyadosphere radius
is maximized for the extreme case  = 1 and that the
region exists for EMBH's with mass larger than the upper
limit for neutron stars, namely  3:2M

all the way up to





values of the maximum mass are obtained for values of
 = 0:1; 0:01 as indicated in this gure. For EMBH's with
mass larger than the maximum value stated above, the
electromagnetic eld (whose strength decreases inversely
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Fig. 3. The energy extracted by the process of vacuum
polarization is plotted (solid lines) as a function of the
mass M in solar mass units for selected values of the




= 1; 0:1; 0:01 for an EMBH,
the case  = 1 being reachable only as a limiting process.
For comparison we have also plotted the maximumenergy
extractable from an EMBH (dotted lines) given by eq. (1)
(gure and caption reproduced from Preparata, RuÆni &
Xue 1998a).
We turn now to the crucial issue of the number and























































Due to the very large pair density and to the sizes of the
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 + , the system





































is shown as a function of the EMBH mass for
selected values of the charge parameter  in Fig.3.
4 Remo RuÆni: The Dyadosphere of Black Holes and Gamma-Ray Bursts
Finally we can estimate the total energy extracted by
the pair creation process in EMBH's of dierent masses
for selected values of the charge parameter  and compare
and contrast these values with the maximum extractable
energy given by the mass formula for Black Holes (see
eqs. (1) and (3)). This comparison is summarized in Fig-
ure (4). The eÆciency of energy extraction by pair creation
sharply decreases as the maximum value of the EMBH
mass for which vacuum polarization occurs is reached. In
the opposite limit the energy of pair creation processes
(solid lines in Figure (4)) asymptotically reaches the entire
electromagnetic energy extractable from EMBH's given
by eq.(1), leading in the limit to fully reversible trans-
formations in the sense of Christodoulou & RuÆni 1971,
ÆM
ir
= 0, and 100% eÆciency.
The discussions on the relativistic expansion of the
Dyadosphere are presented in separated papers (see
e.g. RuÆni, Salmonson, Wilson & Xue 1999).
3. The relativistic expansion of the Dyadosphere
and the acceleration of Cosmic Rays
In order to insert these theoretical results in a framework
suitable for making an astrophysical model for gamma ray
bursts we have to analize the problem of the evolution of
this plasma created in the Dyadosphere taking into due
account the equation of motion of the system and the
boundary conditions both at the Black hole horizon and at
innity. This problem is clearly not aordable anlitically
and has been approched by us numerically both by the use
of supercomputers at Livermore and by the use of a very
simplied approach in Rome. Some results are contained
in the ref.RuÆni , Salmonson, Wilson & Xue 1999.
Before concluding I would like to return to the sugges-
tion, advanced by Damour and RuÆni, that a discharged
EMBH can be still extremely interesting from an ener-
getic point of view and responsible for the acceleration of
ultrahigh energy cosmic rays. I would like just to formalize
this point with a few equations: It is clear that no matter
what the initial conditions leading to the formation of the
EMBH are, the nal outcome after the tremendous expul-
sion of the PEM pulse will be precisely a Kerr Newman
solution with a critical value of the charge. If the Back-
ground metric has a Killing Vector, the scalar product of








is a constant along the trajectory of any charged gravitat-
ing particle following the relativistic equation of motion in
the background metric and electromagnetic eld (Jantzen
and RuÆni 1999). Consequentely electron (positron)
starting at rest in the Dyadosphere will reach innity


















Christodoulou D., Phys. Rev. Lett. 25 (1970) 1596.
Christodoulou D. & RuÆni R. 1971, Phys. Rev. D, 4, 3552
Damour T. & RuÆni R., 1975 Phys. Rev. Lett. 35 463.
Giacconi R. & RuÆni R., "Physics and Astrophysics of Neu-
tron Stars and Black Holes" Proceedings of the LXV inter-
national "E. Fermi" Summer School Varenna 1975, North
Holland, Amsterdam 1978
Heisenberg W. & Euler H. 1931, Zeits. Phys., 69, 742
R. M. Floyd & R. Penrose, Nature 229, 177, 1971, submitted
16 December 1970
Jantzen R. & RuÆni R., to be submitted for publication 1999
This paper will also contain other relativistic considera-
tions on the nature of the Dyadopshere.
Kulkarni, S. R. et. al. 1998, Nat., 395, 663, for a complete set
of reference see these proceedings.
Manchester, R.N. & Taylor, J.H., Pulsars, W. H. Freeman and
Co. San Francisco, 1977
Preparata, G., RuÆni, R., Xue, S.-S. 1998, submitted to
Phys. Rev. Lett.
Preparata, G., RuÆni, R., Xue, S.-S. 1998, A&A, 338, L87
B. Punsly & F. Coroniti Phys. Rev. D 40, 3834
B. Punsly Ap. J 498, 640
RuÆni R. & Wheeler, J. A. 1971, Introducing the Black Hole
Physics Today, 24, (1), 30
RuÆni R. & Wheeler J. A., " Relativistic Cosmology from
Space Platforms" in Proceedings of the Conference on
Space Physics, V. Hardy and H. Moore, Eds, E.S.R.O.
Paris, 1971. The preparation of this report took more then
one year and the authors were unwilling to publish parts
of it before the nal publication. The manuscript was then
incorporated in the book M. Rees, R. RuÆni and J. A.
Wheeler " Black holes, Gravitational Waves and Cosmol-
ogy" Gordon and Breach New York 1974 also translated
into Russian MIR 1973. In order to avoid these delays the
results of the energy extraction process from a Kerr Black
Hole, as well as the denition of the Ergosphere, were in-
serted as Fig. 1 in the Christodoulou 1970 paper, submitted
17 september 1970 and published 30 November 1970.
RuÆni R. & Sigismondi C., "the Lense-Thirring Eect" pro-
ceedings of the rst ICRA Network workshop Pescara-
Rome 1998 World scientic Singapore 1999
RuÆni R., Salmonson J. D., Wilson J. R. & Xue S. S. 1999,
submitted to A&A (1999).
R. RuÆni & J. Wilson, Phys. Rev. D 12, 2959
Schwinger J. 1951, Phys. Rev. D, 82, 664
K. Thorne, R. Price & D. MacDonaldBlack Holes: The Mem-
brane Paradigm New Haven, Yale Univ. Press
